Our previous studies revealed that pregnancy associated breast cancer (PABC) had significantly reduced nuclear p63 expression in myoepithelia, while intense cytoplasmic p63 expression in associated epithelia. Our current study assessed these epithelia using immunohistochemistry with a panel of aggressiveness and invasiveness related markers and comparative genomic hybridization (array-CGH) with over 30,000 DNA probes. These epithelia showed several unique alterations, including (1) immunohistochemical and morphological resemblance to invasive cancer, (2) significant gain in copy numbers of DNA coding genes for morphogenesis, angiogenesis, and metastasis, and (3) significant loss in copy numbers of DNA coding genes for tumor suppressors, cell adhesion, and macromolecular complex assembly or intra-cellular trafficking. Detected array-CGH alterations correlated well with in vivo expression of a number of corresponding proteins tested. These findings suggest that aberrant sub-cellular localization of p63 expression in normal or hyperplastic appearing epithelial cells may significant contribute to increased invasiveness and aggressiveness of these cells.
Introduction
Pregnancy-associated breast cancer (PABC), which occurs during pregnancy or within one year of delivery, is the second most common cancer in pregnant women [1] [2] [3] . A normal full-term pregnancy is believed to be one of the most effective means to decrease the lifetime-risk of breast cancer, whereas PABC is associated with the most aggressive clinical course and the highest mortality rate among breast malignancies [1] [2] [3] . These seemingly conflicting impacts are believed to result from aberrant proliferation and differentiation of stem cells, and pathological alterations of the microenvironment and extracellular matrix [3, 4] . Neither the molecular or cellular mechanisms, nor the specific molecules linking to aggressiveness and invasiveness of PABC, however, have been identified.
Promoted by the fact that the myoepithelium is the sole source of several tumor suppressors, including maspin, Wilms' tumor 1 (WT-1), p63, and p73, which show significant paracrine inhibition on tumor cell growth and invasion in vitro [5] [6] [7] [8] [9] [10] , our recent studies compared the expression of these tumor sup-pressors in PABC and the stage, grade, and age matched non-PABC. PABC were found to have several unique alterations, including (1) the absence of p63 and WT-1 expression in a vast majority of myoepithelial cells, and (2) intense cytoplasmic p63 expression in a subset of normal or hyperplastic epithelial cells, which are arranged as segregated clusters or lobules [11] .
Our findings appear to have significant scientific and clinical implications for several reasons. First, as the p63 gene encodes multiple protein isoforms that regulate p53, p73, and other tumor suppressors [12, 13] , aberrant p63 expression may result in aberrant expression of these tumor suppressors. Second, as p63 is required for normal development of the breast and other organs [12, 13] , aberrant p63 expression may result in structural defects of breast tissues, making them more acceptable to external or internal insults that promote carcinogenesis. Third, as cytoplasmic p63 expression is associated with poorer patient survival in lung cancer and tumor grade in meningiomas [14, 15] , aberrant p63 expression may have oncogenic properties that contribute to tumor aggressiveness and invasiveness.
Thus, our current study attempted to further elucidate the cellular and molecular profiles of these normal or hyperplastic appearing epithelia with cytoplasmic p63 expression, to assess: (1) whether they harbor aberrant expression of other tumor suppressors or malignancy-associated changes, and (2) whether they differ substantially in DNA copy numbers compared to morphologically similar counterparts without cytoplasmic p63 expression.
Materials and Methods
Formalin-fixed, paraffin-embedded tissue blocks from 20 cases of PABC used in our previous studies [11] were used for our current study. All cases were diagnosed during the pregnancy or within 3-months of postpoterm. No clinical following-up data, however, were available for these patients. For comparison, 20 cases of stage, grade, and age matched non-PABC were selected from the files of our institute and our own tissue bank. Consecutive sections at 4-5 μm thickness were prepared and placed on positively charged slides. From each tissue block, the first and last sections were stained with hematoxylin and eosin (H&E) for morphological classification using our published criteria [16] .
To assess whether these normal or hyperplastic acini harbored aberrant expression of other tumor suppressors and malignancy associated alterations, two technical approaches were used. First, sets of six consecutive sections were immuno-stained for known tumor suppressors, including maspin (clone:EAW24), WT-1 (clone: 6F-H2), p63 (clone: 4A4), p53 (clone:DO-7), p73 (clone:24) (Novocastra Laboratories Ltd, Newcastle, UK), and proliferation marker Ki-67 (clone:MM1; Dako, Carpinteria, CA). The expression of these markers in myoepithelial and associated epithelial cells of the same acini at different sections were digitally photographed and reviewed under high magnification in a standard computer. Second, the physical distribution of these acini was examined to determine whether they were exclusively or preferentially associated or shared a similar morphological or immunohistochemical profile, with invasive lesions.
Immunohistochemistry for all antibodies was carried out using protocols provided by manufacturers. Double immunohistochemistry was carried out using our published protocol [17] . To assess the specificity of immunostaining, three technical approaches were used. First, different controls, including (1) the substitution of the primary antibody with normal serum, (2) the omission of the secondary antibody from the immunostaining sequences, and (3) serial dilutions of the primary antibodies, were used. Second, the same immunostaining protocol was used on the same cases, but substituting with a different detection system and chromogen. Third, the immunostaining procedure was repeated at least twice using the same protocol and under the same condition and immunostained sections were independently evaluated by two investigators. A given cell was considered immunoreactive when distinct immunoreactivities were seen consistently in its membrane, cytoplasm, or nucleus, while all negative controls were devoid of immunostaining.
To assess whether they differ substantially in DNA copy numbers compared to their morphologically similar counterparts without cytoplasmic p63 expression, normal or hyperplastic lobules with uniform cytoplasmic p63 expression in acinar cells from 4 PABC cases and morphologically comparable lobules (the same histological type, grade, and similar architecture and size) without cytoplasmic p63 expression from 4 non-PABC cases were microdissected with a 30G1/2 needle, as previously described [18] . Microdissected cells were subjected to DNA extraction and array-comparative genomic hybridization (array-CGH).
Array-CGH was carried out using previously published protocols [19, 20] The loss or gain of DNA copy numbers in PABC was calculated by comparison with those in non-PABC as previously described [19, 20] . The array-CGH database was constructed using the FileMaker software (FileMaker Pro, Inc., Santa Clara, CA, USA). Data filtering and selection were performed as described previously [19] . The normalization method [21] in software R version 2.7.1 (The R Foundation for Statistical Computing) was used to normalize microarray data. The normalized data was used to compute the ratios of genomic DNA probes coding for each gene between PABC and controls, and to cluster genes based on similarities in gain or loss of DNA probes by using software Cluster version 3.0 [22] . Cluster tree and heatmap reflecting gain, loss, or no change in DNA probes of genes were visualized using software MapleTree (http://rana.lbl.gov/EisenSoftware.htm).
Statistical calculations were performed on triplicate using XLSTAT 2006 (XLSTAT, New York, NY, USA). Gain or loss of DNA copy numbers were identified arbitrarily by >1.2-fold change in the averaged ratios of the background-subtracted mean intensities between PABC and non-PABC. Moderated t-statistic, raw p-values, log 2 fold changes in DNA copy numbers, and false discovery rate (FDR) on multiple statistical testing were calculated using the LIMMA package in software R/Bioconductor (version 2.7.1, the R Foundation for Statistical Computing) [23] . To reveal biological functions of altered genes, gene ontology analysis was conducted to group genes based on their functions. The p-values for genes with functional annotation report were calculated using a modified Fisher's Exact Test (DAVID Bioinformatics Resources 2009; http://david.abcc.ncifcrf.gov/). Statistical significance was set at a p-value <0.05 and FDR ≤ 5%.
As it is very difficult, if not impossible, to quantitatively measure the expression of mRNA or protein levels in formalin-fixed and paraffin-embedded tissues, validation of the array-CGH results was conducted using immunohistochemistry with specific antibodies to assess whether alterations detected by array-CGH correlated with in vivo protein expression in adjacent tissue sections. As a number of altered genes detected by array-CGH are essential for morphogenesis, angiogenesis, adhesion, and macromolecular complex assembly or intra-cellular trafficking [24] [25] [26] [27] [28] [29] [30] [31] , our study compared the vascular density, expression of cell adhesion molecules, and immunoreactivities of luminal secretory products between PABC and non-PABC with antibodies to Tenascin 
Results
All selected PABC and non-PABC cases contained normal, hyperplastic, and neoplastic components. The overall expression pattern and frequency of all antibodies were consistent with the description of the manufactures and those of our previous studies [9] [10] [11] . All negative controls were consistently devoid of immunoreactivities to any of these antibodies. Of 20 PABC, 8 harbored a large number of epithelial cells arranged as lobules or large acinar clusters, in which all or near all cells uniformly expressed high levels of cytoplasmic p63, and 12 harbored variable numbers of cytoplasmic p63 expressing cells blended with cells without p63 expression. None of 20 non-PABC harbored epithelial cells with cytoplasmic p63 expression.
A vast majority of these lobules or acinal clusters with cytoplasmic p63 expression were segregated from their counterparts by inter-lobular stromal tissues with a distinct boundary. In tissues that were not associated with, or distant from, malignant lesions, cytoplasmic p63 expression was seen in about 20-50% of the acinar cells, and nuclear p63 expression was seen in morphologically distinct myoepithelial cells (Fig 1a-d) . In tissues associated with or adjacent to malignant lesions, cytoplasmic p63 expression was seen in all or nearly all normal or hyperplastic acinar cells, as well as adjacent cancer cells, while nuclear p63 expression was absent in all or nearly all morphologically distinct myoepithelial cells (Fig 1e-h ).
Compared to their morphologically similar counterparts in non-PABC, these normal or hyperplastic lobules with cytoplasmic p63 expression showed the following unique alterations:
Simultaneous reduction or loss of expression of multiple tumor suppressors
In consecutive sections immunostained for different tumor suppressors, strong immunoreactivities to maspin were consistently seen in all or nearly all myoepithelial cells (Fig 2a-b) . In contrast, only 10% to 30% of maspin positive cells showed WT-1, p63, or p73 expression (Fig 2c-h ).
Morphological and immunohistochemical resemblance to invasive cancer cells
These normal or hyperplastic lobules adjacent to invasive lesions consistently harbored isolated cells or cell clusters that were strongly immunoreactive to p53 and Ki-67 (Fig 2i-l) . These cells were exclusively located at the site immediately adjacent to invasive lesions and shared a very similar immunohistochemical and morphological profile with invasive counterparts, which consistently showed diffuse cytoplasmic p63 expression (Fig 3a-d) . In addition, some isolated and morphologically distinct malignant cells with diffuse cytoplasmic p63 expression were consistently seen within these normal or hyperplastic lobules (Fig 3e-h ).
Significant gain or loss of DNA copy numbers in 45 chromosomal loci in all 4 PABC cases
Array-CGH detected significant DNA copy number changes in 45 chromosomal loci. Of these, 30 showed significant gain (≥1.2 fold), and 15 showed significant loss (≤0.8 fold) in all PABC samples, compared to non-PABC. Table 1 lists the chromosome band regions, statistic values, and harbored genes. The heat map and clusters in figure 4a-b visualize intuitive common differences of these 45 genes between the 4 paired DNA samples.
Alterations in morphogenesis, angiogenesis, adhesion, and intra-cellular trafficking related genes
The known corresponding genes with the abnormal genomic DNA belong to three functionally distinct but correlated groups ( Array-CGH detected alterations in DNA copy numbers were in agreement with in vivo protein expression in adjacent tissue sections. In sections immunostained for angiogenesis-related marker D2-40 and CD34, strong and uniform immunoreactivities, in addition to those seen in lymphatic ducts and blood vessels, were also seen, in myoepithelial cell layers, which often formed a ring-like structure surrounding each of the acini (Fig 5) . In adjacent sections immunostained for tenascin, a neonatal protein that facilitates early morphogenesis and tumor invasion [32] , strong immunoreactivities were consistently detected within epithelial structures with focally disrupted myoepithelial cell layers, and also at the junctions between pre-invasive tissues and invasive lesions (Fig  5e-f) , which consistently harbored detached individual cells or cell clusters that were strongly immunoreactive to p53 (Fig 5g-h) .
In contrast to reduction or loss of tumor suppressors in the myoepithelium, secretory products within the acinar lumen of most lobules in PABC were strongly immunoreactive to p63 and WT-1, but not to any of other antibodies used in the study. The pattern, intensity, and location of these immunoreactivities were similar with the peroxidase and alkaline phosphatase detection systems using DAB or AR-red chromogens (Fig 6) . Pre-treatment with H2O2, lavamison, or biotin failed to eliminate or reduce immunoreactivities to WT-1 or p63. The substitution of the p63 and WT-1 primary antibodies with PBS or normal serum, however, resulted in total negativity (not shown). In sections immunostained for E-cadherin or beta-catenin, these acini consistently showed substantial reduction or absence of expression of these molecules, compared to their adjacent morphologically similar counterparts without cytoplasmic p63 expression (not shown). Table 1 . Significant gain or loss of DNA copy numbers in altered chromosomal loci of PABC Log-FC-T/C: log 2 of fold changes (FC) between tumor (T) and control (C) samples. Moderated t-statistic, raw p-values, log2 fold changes in gene expression, and false discovery rate (FDR) on multiple statistical testing were calculated using the LIMMA package in software R/Bioconductor. The statistical significance was set at a p-value <0.05 and FDR ≤ 5%. Table 2 . Biological functions and names of known genes affected by their genomic DNA gain or loss in PABC . Elevated expression of macromolecular complex assembly and intra-cellular trafficking related genes. Two sets of four consecutive sections adjacent to sections used for array-CGH were immunostained for p63, WT-1, and maspin. Circles identify acinal lumen with high level of secretory products. Note that strong p63 and WT-1 immunoreactivities were seen in these luminal secretory products, while maspin is only seen in the myoepithelium. 100X.
Discussion and Conclusions
The overall expression pattern of p63 expression in the myoepithelium and biological presentations in associated epithelium seen in our current study are in total agreement with those of our previous studies [9] [10] [11] and reports from other groups [5] [6] [7] [8] . Our current study, however, has detected several unique alterations in normal or hyperplastic tissues of PABC that have not been previously reported, including: (1) immunohistochemical and morphological resemblance to adjacent invasive cancer, (2) significant gain of DNA copy number in chromosomal loci harbored morphogenesis, angiogenesis, and metastasis related genes, including early growth response 4, lysyl oxidase-like 3, and metastasis associated 1 [24] [25] [26] 29] , and (3) significant loss of DNA copy number in chromosomal loci harbored tumor suppressor, cell adhesion, and macromolecular complex assembly or intra-cellular trafficking related genes, including Sparc-like 1, cytohesion 1 interacting protein, and G-protein coupled receptor115 [27, 28, 31] . Detected array-CGH alterations correlated well with in vivo expression of a number of corresponding proteins tested.
Together, our findings suggest that normal or hyperplastic appearing acinar cells with cytoplasmic p63 expression may represent a biologically more aggressive cell population, which could potentially progress to invasive lesions without undergoing through the stage of in situ cancer. Consistent with this possibility are a number of reports: (1) a subset of morphologically normal breast tissues share similar genetic and immunohistochemical profiles with malignant counterparts [33] [34] [35] , (2) some "healthy" men between 19 and 29 years old had a spectrum of lesions, including hyperplasia and adenocarcinoma [36] , (3) prostate tissues from some "healthy" men or morphologically normal prostate tissues harbored a DNA phenotype that is identical to that of prostate cancer [37, 38] , and (4) significant gene expression abnormalities were detected with microarrays using RNA extracted from microdissected histologically normal terminal ductal-lobular units (TDLU) of some breast tissues [39] .
Normal or hyperplastic appearing acini with cytoplasmic p63 expression are likely to be formed from genetically altered progenitors for two main reasons: (1) TD and TDLU are the primary, if not the exclusive, site of progenitor cells, and (2) A vast majority of breast malignancies are derived from TDLU, which recapitulates the processes of early morphogenesis [40, 41] . The formation of altered TD and associated acini is likely to result from two correlated pathways: (A) Genetic defects in myoepithelial cell self-renewal-related genes. As both p63 and WT-1 play significant roles in the early developmental of several organs and systems [42, 43] , it is possible that at the early stage of breast morphogenesis, the breasts of these patients may have exposed to certain external or internal insults that may have been causing permanent damages in DNA structures of some primitive stem cells. These DNA structural damages resulted in the inactivation of, or defects in, myoepithelial cell renewal-related genes, which impaired the myoepithelial cell replenishment process to replace the aged or injured myoepithelial cells, resulting in a "senesced" myoepithelial cell population with significantly reduced p63 and WT-1 expression. Consistent with this possibility is the fact that the expression of maspin, a tumor suppressor that is not involved in early development [6] , is not affected in all PABC cases in this study. (B) Simultaneous activation and proliferation of multiple tumor stem cells. The DNA structural damages may have also caused the inactivation of, or defects in, cell cycle control-and apoptosis-related genes in the epithelial cell population, which allow these cells to proliferate to form clusters of ducts or acini with the same genetic defects. These acinar or duct clusters may progress rapidly after external or internal insults, leading to the early occurrence of breast cancer at young ages. On the other hand, these clusters may become maturation-arrested after a few cycles of cells divisions, but retain the potential for unlimited proliferation and multi-lineage differentiation [44] . During the last few weeks of pregnancy, these clusters are activated and simultaneously proliferating in responding to a sharp increase of estrogen, progesterone, and other hormones [1] [2] [3] . In agreement with this possibility is the fact that clinical morphological examinations have shown that a vast majority of the breast tumors are generally confined within a "sick" lobe [45] .
Our immunohistochemical studies consistently showed a significant reduction or loss of nuclear p63 and WT-1 expression in a vast majority of the myoepithelial cells, while significantly increased cytoplasmic p63 expression in associated epithelial cells in PABC. Our array-CGH, however, failed to detect significant gain or loss in the genomic DNA that harbor genes coding for these two proteins. This disparity could potentially result from the following epigenetic alterations: (1) Aberrant intra-cellular transportation of the p63 protein. Similar to the p53 protein, p63 is synthesized in the cytoplasm and constantly transported through the nuclear pore complex into the nuclei [46, 47] . A number of factors, including alterations of the elements and molecules involved in p63 nuc-leo-cytoplasmic transportation could significantly impact the p63 intra-cellular trafficking, and consequently alter its sub-cellular localization [46, 47] . (2) Formation of protein-protein complexes. A previous study from our lab showed that only cells exhibiting secretory changes or secretory carcinomas had cytoplasmic p63 expression [48] . Thus, it is possible that secretory products in PABC may form protein-protein complexes with p63, which prevent the import of p63 protein into the nuclei. Consistent with this possibility is the fact that some proteins could form protein-protein complexes with p53, which results in accumulation of p53 in the cytoplasm [46] . (3) Interactions with WT-1 protein, which results in the secretion of both proteins into the acinar lumen. Consistent with this possibility is the fact that the secretory products within the acinar lumen of most lobules in PABC were strongly and uniformly immunoreactive to antibodies against p63 and WT-1, but not to any of other antibodies used in the study. In addition, our array-CGH analyses detected a number of factors that are closely involved in cellular organelle and molecular organization and transportation. Since previous studies have shown that cytoplasmic localization of p63 is associated with poor patient survival in lung cancer and is also associated with tumor grade in meningiomas [14, 15] , aberrant expression and sub-cellular localization of p63 and WT-1 may represent a novel mechanism for tumor aggressiveness and invasiveness. If confirmed, our findings could have significant implications: (1) changes of the tissue microenvironment may have direct impact on carcinogenesis, and (2) manipulation of the sub-cellular localization may have significant therapeutic value.
The specific cellular or molecular mechanism accounting for a correlation between tumor suppressor expression in the myoepithelium and biological behavior in the associated epithelium is unknown, but it is likely to result from aberrant tumor suppressor expression and focal disruptions in the myoepithelium. As the epithelium is normally devoid of both blood vessels and lymphatic ducts, and thus, totally relies on the stroma for its needed materials for normal functions and even survival, a focal myoepithelial cell layer disruption could have several consequences, including (1) an increase of permeability for oxygen, nutrients, and growth factors, which selectively triggers the exit of stem or progenitor cells from quiescence [49] , (2) exposure of luminal cells to different cytokines, which facilitates tumor angiogenesis [50] , (3) physical contact between luminal and stromal cells, which facilitates epithelial-mesenchymal transition (EMT) and cell motility [51] , and (4) physical contact between luminal and immunoreactive cells, which directly cause genomic or cellular damages that trigger a cascade reaction of malignant transformation [52] . Consistent with these possibilities are the facts that our array-CGH revealed that all 4 PABC cases had a significant gain or loss in their genomic DNA harboring genes involved in morphogenesis, angiogenesis, and controlling the cell cycle.
No definite conclusions, however, could be drawn at present for two main reasons: (1) our study is the first one to assess the correlation between myoepithelia and associated epithelia in PABC with array-CGH and immunohistochemistry, and (2) our sample size is small and the clinical follow-up data are not available. On the other hand, if confirmed, our study will be the first one to provide in vivo evidence that suggests a correlation between reduced tumor suppressor expression in the myoepithelium and invasive behavior in the associated epithelium. Since degradation of the myoepithelium is an absolute pre-requisite for breast tumor invasion, our findings would have significant implications. Scientifically, these would suggest that the development of therapeutic agent to stimulate myoepithelial cell self-renewal or to prevent myoepithelial cell degradation may be more effective than the traditional approaches for breast cancer intervention and prevention. Clinically, as a vast majority of the breast malignancies are originated from TDLU, the development of more applicable methods to quantitatively assess the expression of p63 and WT-1 expression in this site may be more effective than other approaches for early detection of breast cancer. In addition, the elucidation of the mechanism of cytoplasmic p63 expression may lead to the development of new therapeutic agents to target cancer-related molecules in the cytoplasm or even in nuclei. The opinions and assertions contained herein represent the personal views of the authors and are not to be construed as official or as representing the views of the Department of the Army or the Department of Defense.
Acknowledgement

